INTRODUCTION
The existing magnetic nanosensors and memory cells possess a number of disadvantages associated with the strong sensitivity to temperature, high cost, and degradation of the characteristics at high frequencies. In this respect, the development of methods for synthe sizing nanostructures and their arrays, which use the effects of giant or tunnel magnetoresistance, is of inter est [1] . The effects indicated are implemented in layered systems containing a large number of magnetic and nonmagnetic layers forming superlattice [2] , multilay ered structures in a configuration of spin gates [3] , con tacts between two ferromagnetic materials [4, 5] , etc.
Another approach to the creation of the magnetic sensor's arrays is based on the application of porous matrices (templates) (SiO 2 , Al 2 O 3 , polymers, etc.), in which ordered or randomly distributed mesa or nan opores may be filled with various materials [6] . Tem plate synthesis has become an available and reliable method for creating nanoparticle arrays of various metal and semiconductor materials (see, e.g., [1, 7, 8] ). One of the template synthesis methods is based on the application of ion tracks. It is known that an irradia tion with heavy high energy ions can substantially change the properties of the material in a cylindrical region of a diameter of up to 10 nm. A selective etching of these latent ion tracks, which results in the creation of channels (pores) with a large aspect ratio length/diame ter, makes it possible to form porous templates for the subsequent formation of an array of nanorods.
The application of the template synthesis is of spe cial interest for the development of micro and nano electronics devices in combination with the electro chemical deposition, which makes it possible to con trol the growth processes on an atomic level. The advantage of the electrochemical deposition is the efficient control of the thickness, composition, and size of the sediment grains. The variation in the syn thesis parameters (the potential of deposition, electro lyte's composition, temperature, duration) makes it possible to create both homogeneous materials and heterogeneous structures [9] . Besides, by the creation of a nanoparticle's arrays on a semiconductor substrate, the latter can be used as an additional electrode. As a result, the possibility arises of controlling the parameters of the obtained struc tures by varying the applied electric voltage [10, 11] . This work is aimed at studying the magnetoresistive properties of n-Si/SiO 2 /Ni nanostructures, in which nickel is electrochemically deposited into the nanop ores created by the selective etching of tracks of heavy ions in a SiO 2 layer, which was thermally grown on a silicon substrate. EXPERIMENTAL A layer of SiO 2 with a thickness of 700 nm was obtained by the thermal oxidation (1100°C, 10 h, pure oxygen) of silicon wafers of brand KEF 4.5 (surface orientation (100)). Then, the wafers were irradiated with 197 Au 26+ ions with an energy of 350 MeV and a fluence of 5 × 10 8 cm -2 . The pores were obtained by selective chemical etching of the latent ion tracks in a weak solution of hydrofluoric acid. The etching resulted in the formation of a system of randomly located through nanopores over the whole silicon oxide's thickness. The pores had a shape of a truncated cone with lower and upper diameters of the order of 100 and 250 nm, respectively. The nanopores were filled with nickel by electrochemical deposition in an underpotential mode. The modes of deposition and the electrochemical properties of the obtained nano structures are described in [12] .
The obtained n-Si/SiO 2 /Ni nanostructures were studied by scanning electron microscopy (SEM) and X ray phase analysis (XPA). According to [12] , the electrodeposited nickel possesses a face centered cubic latitude (a ≈ 0.352 nm) and a granular structure with the size of granules of the order of 30-70 nm.
The measurements of the electrophysical proper ties were carried out in a temperature interval from 2 to 310 K in magnetic fields up to 8 Tl with the use of a system CFM (Cryogenic Ltd., London) based on a refrigerator with a closed cycle. The temperature con troller used (Lakeshore, model 331) allowed us to implement a continuous sweeping of the temperature at a rate of 0.1-1 K/min or to stabilize the temperature with an accuracy of 0.005 K in the process of magnetic field sweeping or measurements of voltage-current characteristics [12] .
The voltage-current characteristics of the studied n-Si/SiO 2 /Ni nanostructures ( Fig. 1a) were mea sured with the use of three contacts (Fig. 1b) . Contacts 1 and 2 were formed at the sample's face surface using an ultrasound soldering of indium. The rear contact 3 was formed on the back surface of the silicon substrate using indium-gallium eutectics. The presence of a rear contact allowed us to apply a transverse voltage V tr to the structure (between the pairs of contacts 1 and 3 or 2 and 3).
The resistance between contacts 1 and 2 was deter mined as the ratio of the voltage between these con tacts V 12 to current I 12 . By measuring the temperature dependence of R 12 , the temperature was decreased from room temperature to 2 K at a rate of 0.5 K/min and current I 12 was kept constant. As can be seen from Fig. 1b , by such a scheme of measurements, current I 12 always went through the bonds of the nickel rods under contacts 1 and 2 and then flowed along the substrate in parallel to the sample's surface.
The relative magnetoresistance was determined according to the relation (1) where R 12 (B) and R 12 (0) are the resistances of the nanostructure in magnetic field B and in its absence, respectively. The value of MR 12 was calculated by sub tracting from each other the temperature dependences of R 12 (T), which were measured at B = 0 and B = 8 Tl.
The magnetoresistance was measured at two differ ent mutual orientations of the magnetic field and cur rent I 12 through the sample (configurations C and D, Fig. 1c ). As can be seen from Fig. 1c , in configuration C, vector B is directed along the axis of the nickel nan orods, while in configuration D, it is perpendicular both to the axis of the nanorods and the direction of the current.
RESULTS AND DISCUSSION Figure 1 shows an example of the voltage-current characteristics for the nanostructures studied, which (Fig. 1, see Insert (i)) form two systems connected in series through the sub strate and the Schottky Si/Ni diodes enabled towards each other. As can be seen from Fig. 1 , the enabling of a magnetic field causes a decrease in the current, and the value of this effect depends on the orientation of the vector B with respect to the substrate's plane and nickel nanorods. This is in agreement with the previ ous work [12] , where the presence of a substantial pos itive magnetoresistive effect in the temperature range of 17-27 K was first observed for n-Si/SiO 2 /Ni nano structures.
The results presented in Fig. 2 (obtained at V tr = 0 and B = 8 Tl) indicate that the magnetoresistance MR 12 for the nanostructures studied depends not only on the temperature but also on the value of the mea suring current. In particular, it can be seen that at tem peratures below 35 K the value of MR 12 substantially increases with a decrease in the measuring current (see curves 1 and 2 in Fig. 2b) . Besides, in the absence of transverse voltage, a significant magnetoresistive effect is observed, which achieves 198-548% at currents of 10 < I 12 < 1000 nA. In this case, the temperature cor responding to the maximum value of MR 12 , decreases from 25.8 to 21.1 K through the decrease in current I 12 (see Insert in Fig. 3a) .
At a temperature higher than 35 K, the magnetore sistance MR 12 decreases with an increase in the tem perature; in this case, in dependences MR 12 (T) a local maximum is observed, which decreases in value, shift ing to a region of higher temperatures with an increase in current I 12 . Besides, for both used orientations of vectors B and I by currents I 12 = 10-100 nA the sign of MR 12 changes from positive to negative at T > 180 K (Fig. 2b) . This can be associated with the anisotropic magnetoresistance in the nickel nanorods (their contri bution to the general resistance of the n-Si/SiO 2 /Ni structure increases with an increase in the temperature due to the rapid decrease in the resistance of the sili con substrate), as was observed in the experiments spe cially carried out with the use of granular nickel films deposited onto the n-Si substrates at the same regimes [12, 13] .
The resistance of the structure by current passing through contacts 1-2 is determined, first and fore most, by a back biased Schottky barrier, and there fore, it is most probable that the influence of the mag netic field on the value of R 12 is mostly associated with the processes proceeding in the depleted region of this barrier. Taking into account the voltage-current char acteristic's shape in Fig. 1 , we can assume that in the absence of a magnetic field the processes of impact ionization take place in the depleted region, as a result of which the barrier height decreases due to the cap ture of minority charge carriers. This is in agreement with the absence of the effect of positive magnetoresis tance at high temperatures, when the mobility of charge carriers is small. In agreement with [14] [15] [16] [17] , the magnetic field hinders the impact's ionization, which results in an increase in the resistance of the n⎯Si/SiO 2 /Ni nanostructure.
In the approach proposed in [10, 11] , it is possible to control the electrophysical properties of template structures by using a silicon substrate as the third elec trode and applying an additional (transverse) electric field to the nanostructure. For this purpose, a series of experiments were carried out, in which a certain volt age V tr was additionally applied (from -2 to +2 V) between the rear and one of the face electrodes (see Insert in Fig. 3 ). Such a voltage will cause a redistribu tion of the electric potential in the n-Si/SiO 2 /Ni nanostructure and, in particular, affect the electro physical properties of the internal interfaces in n-Si/ SiO 2 and n-Si/Ni (changing the width of the space's charge regions and the strength of the electric field in them). The results of these experiments are presented in Figs. 3 and 4.
As can be seen from Fig. 3 , the dependence of cur rent I 12 on voltage V 12 is substantially changed by applying transverse voltage V tr to the structure. It is evident that a change in voltage V tr makes it possible to reduce voltage V 12 , which corresponds to the given measuring current I 12 . In this case, even a minor increase in the resistance under the action of the mag netic field, in agreement with Eq. (1), will cause a sig nificant increase in the value of the relative magne toresistance MR 12 even by an immaterial change in the absolute value of the electroresistance in the magnetic field.
As the experiments have shown, the application of transverse voltage V tr substantially changes the tem perature dependence of the relative magnetoresistance MR 12 . As can be seen from Fig. 4 , when voltage V tr is applied, the value of MR 12 substantially increases in the temperature region of 20-30 K, the maximum in the dependence MR 12 (T) increases and becomes more pronounced, and the effect is enhanced as current I 12 decreases and voltage V tr increases. The greatest increase in MR 12 , which achieved 34000% in the mag netic field of 8 Tl, was observed at V tr = -2 V and I 12 = 100 nA (Fig. 4b) . At temperatures T > 35 K the value of MR 12 also depends on the value and sign of the bias voltage V tr , although to a lesser degree. In particular, at V tr = +2 V (see curve 2 in Fig. 4a ) the magnetoresis tance becomes negative in the whole region of temper atures above 35 K. At the same time, at V tr = -2 V (see curve 3 in Fig. 4a ) the value of MR 12 twice changes the sign by an increase in the temperature: at T ~ 35 K from positive to negative, while at T ~ 120 K, in con trast, from negative to positive. The minimum value of MR 12 (caused, probably, by the anisotropic magne toresistance of nickel [18] ) is -86.3% at 80.0 K, while the maximum high temperature positive magnetore sistance is 143.6% at 161.4 K.
CONCLUSIONS
It is shown that the magnetoresistive properties of n-Si/SiO 2 /Ni nanostructures containing nanogranu lar nickel rods in pores in the SiO 2 layer substantially differ from the analogous properties for the earlier studied nanogranular Ni films, which were electrode posited onto the n-Si plates. From the point of view of the electrophysical properties, the n-Si/SiO 2 /Ni nanostructures studied are analogous to the system of two Schottky Si/Ni diodes, which are enabled towards each other. It is established that n-Si/SiO 2 /Ni nanostructures possess a substantial positive relative magnetoresis tance in the temperature range of 17-27 K, which depends on the current through the sample and can be efficiently controlled by a transverse electric bias volt age achieving 34000% in the magnetic field of 8 Tl. The observed magnetoresistive effect is associated with the influence of the magnetic field on the processes of impact ionization, which lead to an avalanche break down of the Schottky barrier.
